DNA extraction and library construction
We used a whole genome shotgun sequencing strategy to determine the sequence of Giardia lamblia WB-C6 (ATCC50803; (1) ). The estimated size of the genome is 11,700,000 nucleotides distributed over five chromosomes, including two size variants of chromosome 1 (2, 3) . Trophozoites were grown in modified TYI-S-33 medium (1). DNA was extracted from trophozoites lysed in 100 mM NaCl, 10 mM Tris, 25 mM ethylenediamine tetraacetic acid (EDTA), 0.5% sodium dodecyl sulphate (SDS), pH 7.5, followed by treatment with RNase (0.1mg/ml) and proteinase K (0.2 mg/ml) for 40 minutes at 37°C, and then phenol/chloroform extracted and ethanol precipitated. DNA was further purified by centrifugation in cesium chloride gradients and sent to Stratagene (La Jolla, CA) for commercial library construction or used to prepare libraries at the MBL (HGM) and at University of Illinois, Urbana-Champaign (CIR) ( Table S1 ).
We partially digested 30 micrograms of genomic DNA using Tsp509 I (New England Biolabs, Beverly, MA) at a concentration of 0.1 unit/microgram of DNA incubated between 5 and 30 minutes at 37°C. The incubation times were adjusted to obtain a smear in the 2-5 Kbp range on agarose gels. The AATT ends generated by Tsp509 I are compatible with EcoRI restriction sites in the pUC18 vector. After size selection in 6% SeaPlaque agarose, regions of the gel containing 3-3.5 Kbp fragments were excised. We recovered DNA from the gel by melting 5 minutes at 65°C, extracting with phenol, phenol-chloroform, chloroform followed precipitation with ethanol. The purified 3-3.5 Kbp genomic fragments were ligated into the EcoR I site of the cloning vector pBluescript. Prior to DNA ligation, the vector was digested with EcorRI and dephosphorylated following the manufacturer's protocols (Stratagene, La Jolla CA). DNA ligations were carried out overnight at 16°C and recombinant plasmids were electrophoresed on 0.6% SeaPlaque agarose gels. Recombinants with a single insert are represented by a single tight band while a ladder of bands corresponding to vector plus one insert, vector plus two inserts, etc. are observed if multiple DNA inserts are incorporated into the vector. The region of the gel containing the vector plus one insert was excised and DNA recovered as described above. The recombinant plasmids containing a single DNA insert were electrotransformed using a BioRad Gene Pulser into XL1Blue-MRF cells which were plated immediately without incubation or IPTG induction. Recombinant plasmids were picked and used for preparing DNA sequencing templates.
We also prepared random fragment libraries using physical shearing and blunt end ligation techniques. For blunt end ligations, DNA was isolated from Giardia as described above and 100 micrograms was suspended in 1 ml of 25% glycerol/1M NaOAc. The sample was nebulized with a stream of nitrogen at approximately 10 psi for 15-20 sec. at pressures required to yield a smear in the 2-5 Kbp range on agarose gels. The DNA was concentrated by ethanol precipitation, suspended in 100 microliters of Bal31 buffer and incubated with Bal31 nuclease for five minutes at 30°C. Subsequent to extraction with phenol, phenol/chloroform, chloroform and ethanol precipitation, the DNA fragments were sized and extracted from 0.6% agarose gels as described above. DNA was suspended in buffer containing 2 mM dNTPs plus 5 units of T4 DNA polymerase and incubated for 30 min at 16°C. After extraction and ethanol precipitation, the blunt-end DNA was mixed with 200 nanograms of pUC18 that had been cut with SmaI and dephosphorylated. After overnight incubation at 16°C the ligation reaction was resolved on 0.6% agarose gel to isolate vectors with a single insert as described above.
Sequencing and assembly
Approximately 200,000 reads were generated by sequencing both ends of the small-insert plasmid libraries. Additionally, 2,400 end sequences were generated from a 200kbp library in the bacterial artificial chromosome vector pBACE3.6, to assist with ordering and orienting contigs. Sequencing was initially done using LI-COR automated sequencers (labeled primers; ~90,000 reads) and completed by capillary sequencing (BigDye terminator chemistry) on an Applied Biosystems 3700.
Reads were assembled using the ARACHNE 2.0 genome assembly software (4, 5) with basecalling by either LI-COR software (for LI-COR generated reads) or PHRED (6, 7) (capillary reads). ARACHNE includes routines for trimming low quality sequence, vector, and contaminating E. coli DNA. Eighty-three percent of the total reads were retained in the assembly, of which 91% were paired. Total genomic coverage was 11X. The ARACHNE assembly was edited using CONSED (8) . Some repeated elements were incorrectly assembled (overtiled) and were manually curated based on previously published data. Additional directed sequence reads were generated, including those based on multiplex PCR (9, 10) .
The assembly of scaffolds had a mean GC content of 49%. The average contig is 36.5 kbp, for a combined total of 11.2 MB or 96% coverage of the genome. The assembly excludes Giardia's frequently rearranged telomeric and subtelomeric regions, which comprise approximately 4% of the genome and are enriched with repetitive VSPs, GCrich ribosomal RNA repeats and transposons. There is no evidence of variability at other chromosomal locations. Approximately 77% of the genome is in ORFs; nearly 1800 were overlapping, ~1500 more were within 100 nt of an adjacent ORF, and ~200 were separated by fewer than 12 nt. We detected only four introns. We identified ~700 putative Giardia-specific proteins, e.g. those with evidence of expression (SAGE or cDNA), but no similarity to any known proteins or protein motif. Giardia encodes all twenty tRNA synthetases, and 63 tRNA genes (five with introns) are distributed on 34 different contigs (Table S2) . Several tRNA genes are close to the start of transcribed ORFs (4-12 nts).
Gene finding and preliminary annotation
Genes were predicted using the computer programs CRITICA (11) and GLIMMER (12, 13) using training set of published giardial genes from GenBank. The two programs collectively predicted 9,663 protein-coding genes after removal of ORFs lacking proper start and stop codons. Where alternate start codons were possible for gene calls, the longest ORF was retained. We retained overlapping ORFs on alternate reading frames. Each ORF was evaluated using independent statistical measures: TestCode (14) , GeneScan (15) and the Codon Adaptation Index (16) . Threshold scores were TestCode value of >4, GeneScan score of >9.7, or an inframe codon usage score greater than the two out-of-frame scores (17) . We retained ORFs with (1) similarity to known proteins at e-10 or better (2,370 ORFs), (2) weak or no similarity, but transcriptional or proteomic evidence (2,753 ORFs), or (3) no similarity or expression evidence, but high scores on two or more metrics (1,347 ORFs).
Similarity to known proteins was assessed by querying GenBank and SwissProt protein databases using BLAST (18, 19) and the Pfam protein motif database with HMMER (20, 21) . We searched for additional protein structural features with the programs COILS (22, 23) , SEG (24) , and TMM (25) . We predicted cellular localization for proteins using PSORT (26) , SignalP (27) , and TargetP (28) . Structural and noncoding RNAs were predicted using tRNAscan and the RFAM database (29, 30) . We added SAGE (31, 32) and cDNA expression data to the ORF annotation database when these were available. Functional annotations were obtained using the SEED annotation process (33) and the KEGG Automatic Annotation Server which compares predicted genes to the manually curated KEGG Genes database (34, 35) . The predicted protein dataset was manually curated, primarily by querying the called ORFs, unassembled reads, and intergenic regions with known proteins via TBLASTN. We queried the nucleotide and amino acid datasets with known eukaryotic and giardial motifs, e.g. the polyadenylation signal and the VSP C-terminal sequence, as regular expressions to aid assessment of predicted genes.
Determination of the giardial kinome
We constructed profile HMMs for the PIKK, RIO, ABC1, PDK, and alpha-kinase families with HMMer and used these to search the ORF candidates using Decypher hardware-accelerated HMMer implementation from Time Logic (http://www.timelogic.com). Sequences that matched the HMMs were extracted from contigs. Three or more homologues were used to determine full length proteins which were compared to the ORFs predicted. Final predicted kinase sequences were searched against the Pfam 7.4 HMM profiles, using both local and glocal models. All matches with P scores <0.01 were accepted and all matches with scores of 0.01 to 1.0 were evaluated in comparison with known, homologous sequences, inspection of the domain alignment, and reference to the literature. Some calmodulin binding motifs were identified from the literature or from sequence similarity to known CaM motifs. Signal peptides were detected using SignalP and transmembrane regions using TM-HMM.
Mutagenesis and analysis of aurora kinase
The Giardia AU1-epitope tagging vector (36) containing the promoter and coding sequences for Giardia aurora kinase (ORF5358) was the template plasmid for the deletion of the 28-amino acid insert (aa 153-180) by overlapping PCR. Two separate PCRs were performed using the primer sets: gAK-for (5'-ATC-TGA-ATT-CGG-ATA-AGG-ATA-AAG-AAA-GAG-3') and delAKins-rev (5'-ATC-TTG-TAT-GTT-TTC-CCC-TTG-CAA-ATC-AAG-3'); gAK-rev (5'-TAT-TGG-GCC-CCT-TGG-GGA-CCT-TAC-TCC-TGT-3') and delAKins-for (5'-TGA-CCG-GGG-AAA-ACA-TAC-AAG-ATT-GCA-G-3'). Conditions for PCR were an initial denaturation at 95°C for 3 min followed by 3 cycles of 1 min at 95°C, 1 min at 42°C 1 min, 2 min at 72°C; 3 cycles of 1 min at 95°C, 1 min at 47°C, 2 min at 72°C; 30 cycles of 1 min at 95°C, 1 min at 55°C, 2 min at 72°C; and a final extension for 10 min at 72°C. In a third PCR, 10 µg of an equal mixture of the two PCR products was used as a template in combination with primer set gAK-for and gAK-rev. Conditions for PCR were an initial denaturation at 95°C for 5 min, 4 cycles of 50 sec at 95°C, 1 min at 50°C, 6 min at 72°C and a final extension for 10 min at 72°C. The PCR product was gel purified, digested with Apa1 and Eco R1, and ligated into the Giardia AU1-epitope tagging vector. Deletion of the insert was confirmed by sequencing. Stable transformation of gAK lacking the 28-aa insert ("gAKins-AU1") was as described in (37) .
Quantitative PCR was used to compare abundance of gAK-AU1 vs. gAK-ins-AU1 mRNA transcripts in stably transfected Giardia. cDNA from each of the 2 cell lines was used as the template for PCR in combination with the primer set gAKAU1for 5'-GAT-ATC-CTC-CGG-CAT-CCA-TTC-3' and gAKAU1rev 5'-GAG-GAG-TCT-AGA-TGT-AGC-GGT-ACG-T-3' and Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) in a 7300 Real Time PCR System (Applied Biosystems).
Alpha-tubulin (GenBank XM76294) was used as a control. The CT (cycle threshold) value was set to 0.1 relative fluorescence units to detect transcript levels and data were analyzed using the 2 -∆∆CT method (38) . Western analyses were done to determine whether deleting the gAK insert affected the levels of AU1-tagged protein from gAK-ins-AU1 compared normal gAK-AU1. Protein extracts were prepared and Westerns performed essentially as described (39) , except proteins were transferred to Hybond PVDF (Amersham, Piscataway, NJ), the anti-AU1 dilution was 1/750 and filters were developed in ECL-plus (Amersham) according to standard methods. The loading control was PDI2 (40) . Western signals were compared by density using Quantity One quantitation software (version 4; Bio-Rad, Hercules, CA).
Giardia database
GiardiaDB (www.mbl.edu/Giardia; (41)) was developed in support of the genome consortium and to make the data publicly available in advance of publication. The server uses the Generic Model Organism Database (GMOD) relational database schema and software (42) , with custom modifications. Data are sorted as "tracks" which include contigs, gene predictions, Pfam protein domains, serial analysis of gene expression (SAGE) profiles, anti-sense transcripts, snRNAs, tRNAs, rRNAs, and other small RNAs, retrotransposons, restriction sites, chromosome assignments, and transcription signals. Various metrics, such as G-C content, shotgun read overlap coverage, quality of assembly consensus sequence, regions of probable poor assembly, regions of probable unpredicted genes, and regions of unique genome-wide nucleotide sequence (for probe or primer design) are also tracked to the predicted genome sequence. In addition to general query and browsing tools, advanced searches of precompiled BLAST, Pfam, and SAGE data can be performed to find protein coding genes with specific phylogenetic relationships, similarity to known proteins, or expression profiles.Similarity searches and multiple sequence alignments can be performed for rapid assessment of homology and annotations. Data are currently tracked to the genome using the General Feature Format (GFF). The Giardia genome project database will be maintained at www.giardiadb.org.
Phylogenetic analyses
Approximately 30% of the predicted giardial proteins have one or more homologues in the Genbank nr database. For purposes of high-throughput phylogenetic tree generation for Giardia, each ORF was individually searched against a custom reference protein database using NCBI's BLASTALL software, the BLASTP algorithm with the BLOSUM62 substitution matrix, and default parameters (18, 19) .We scored the resulting trees for the presence of specific clades as an indicator of the robustness of the inferred phylogeny. The source genomes for the reference protein database and clades . A single putative ortholog was retained from each reference genome if it had a BLAST expectation value of e -10 or better. Multiple protein sequence alignments were generated using the computer program MUSCLE (43, 44) under default parameters if homologues to the giardial protein were available for at least five other taxa. The resulting multiple sequence alignments were inspected using custom scripts specifically developed for our highthroughput phylogenetics pipeline (45) . These scripts use MUSCLE alignment scores to identify regions of uncertain homology that should be excluded from phylogenetic analyses. MUSCLE scores each position in the alignment using a BLOSUM62 score over pairs of amino acids in the alignment and our software uses a sliding window to detect stretches of 7+ amino acids with BLOSUM62 score of less than 15. This cut-off was determined by empirical examination of BLOSUM62 scores in a large number of multiple sequence alignments. These regions were excluded from phylogenetic analysis.
Any Giardia ORF generating a multiple sequence alignment greater than 75 amino acids in length after the above exclusion of poorly aligned regions was submitted for phylogenetic analysis using a Bayesian statistical procedure, as implemented by the computer program MrBayes (46, 47) . MrBayes performs a Metropolis-coupled Markov chain Monte Carlo (MC 3 ) estimation of posterior probabilities (48) (49) (50) . We performed MC 3 estimation of posterior probabilities using noninformative prior probabilities, the JTT+I+Γ (51) substitution model with inclusion of unequal amino acid frequencies, and four incrementally heated Markov chains with different random starting trees. The Metropolis-coupled Markov chains were run to 500,000 generations with sampling every 100 generations. Posterior probabilities of topologies, clades, and parameters were estimated from the sampled topologies after removal of the first 5,000 generations to allow for MC 3 burn-in. All of the resulting multiple sequence alignments and phylogenetic trees were deposited into GiardiaDB and used for further curation of the annotation and to select datasets for further phylogenetic analysis.
Phylogenetic analysis of a concatenated alignment of 61 ribosomal proteins was performed using both Bayesian and maximum likelihood approaches. Our dataset included diverse eukaryotic lineages, with eubacterial and archaeal sequences as outgroups. Independent alignments were created for each of 61 subunits. We concatenated these alignments and excluded gaps and highly divergent or ambiguous regions, for a final alignment of 9501 amino acid positions. The Metropolis-coupled Markov chains were run to 1,000,000 generations and the first 1,000 generations were removed for burn-in. Bayesian analyses were performed in quadruplicate to confirm stationarity. Bootstrap analysis under maximum likelihood was performed for the same dataset using the RAxML software (52) . Bootstrapping included 100 replicates, the JTT+I+Γ model of substitution with four discrete rate categories, and 10 distinct randomized maximum parsimony starting trees per bootstrap. Candidates marked with an asterisk had a top hit to E. histolytica, but other top hits were archaeal or bacterial Plus sign indicates that the protein was found in the annotation of the respective genome or by KEGG pathway analysis or by BLAST search using yeast homologues as queries and a cutoff of 1E -4 or better. Matches found by BLAST were examined by reciprocal BLAST against the nr database and considered possible homologues if their best significant, annotated match was to the expected component or if they contained the expected conserved domain. Minus sign indicated that no such evidence was found. 
